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Over  the  last  years,  novel  peroxidases  secreted  by  lignocellulose-degrading  agaricomycetes  have  been
discovered.  Among  them,  the  so-called  DyP-type  peroxidases  (DyPs)  that  are  secreted  under  conditions
close  to nature  (i.e.  in  wood  cultures)  are  of particular  interest,  since  they  are  able  to oxidize  diverse  sub-
strates  including  veratryl  alcohol,  non-phenolic  lignin  model  dimers  as  well  as  recalcitrant  phenols  and
dyes.  In  spite  of  their  unique  protein  structure  and  their  catalytic  versatility,  the  estimation  of the  redox
potential  of  this  new  peroxidase  group  is  still pending.  To solve  this  problem,  we  used  a catalytic  approach
developed  by Ayala  et  al.,  2007  [21],  which  is based  on  the Marcus  equation  and  the  determination  of
the  redox  thermodynamics  between  heme-peroxidase  compound  II and  the  resting  state  enzyme.  Five
fungal  DyPs  (among  them  four  wild-type  enzymes  and  one  recombinant  protein)  were  tested  regarding
phenol  oxidation  in  comparison  to other  well-studied  plant  and  fungal  peroxidases  (soybean  peroxidase,
SBP,  Coprinopsis  cinerea  peroxidase,  CiP,  lignin  peroxidase  of  Phanerochaete  chrysosporium,  LiP). DyP-type
peroxidases  have  a high  afﬁnity  for phenols  and  can  oxidize  even  recalcitrant  representatives  such  as
p-nitrophenol.  Based  on this  “phenol  oxidation  method”,  their  redox  potential  was  estimated  to range
between  1.10  ± 0.02 and  1.20  ± 0.1  V, which  is  between  the values  calculated  for high-redox  potential
LiP  (1.26  ± 0.17  V) and low-redox  potential,  phenol-oxidizing  plant  (0.93  ±  0.04 V  for SBP)  and  fungal
oxida
 201(1.06  ± 0.07  V for CiP)  per
©
. Introduction
Heme-containing peroxidases (donor: H2O2 oxidoreductases,
C 1.11.x) are versatile catalysts oxidizing diverse substrates. They
re ubiquitous in fungi, plants, animals and eubacteria. On the
asis of sequence homologies, they are classiﬁed within differ-
nt superfamilies, among which those of animal and non-animal
eroxidases (former plant peroxidases) are the largest groups
Abbreviations: DyPs, DyP-type peroxidases; AauDyP, Auricularia auricula-judae;
glDyP,  Exidia glandulosa; MepDyP, Mycena epipterygia; MscDyP, Mycetinis scorodo-
ius (formerly Marasmius scorodonius); CiP, Coprinopsis cinereus peroxidase; LiP,
ignin peroxidase; MnP, manganese peroxidase; VP, versatile peroxidase; SBP, soy-
ean peroxidase; HRP, horseradish peroxidase; TOP, tobacco peroxidase.
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(PeroxiBase; http://peroxibase.toulouse.inra.fr/index.php). Non-
animal peroxidases comprise three classes: class I – intracellular,
organelle-associated and bacterial peroxidases (e.g. cytochrome c
peroxidase), class III – secreted plant peroxidases (e.g. horseradish
peroxidase, HRP) and class II – secretory fungal peroxidases includ-
ing ligninolytic peroxidases [1]. The latter are exclusively found
in wood and leaf-litter decomposing Basidiomycotina (mostly
agaricomycetes) and comprise manganese, lignin and versatile per-
oxidases (MnP, LiP and VP). They possess high redox potentials
(1.1–1.5 V), which enable them to oxidize a huge number of recalci-
trant substrates including methoxylated aromatics present in wood
and other lignocelluloses [2,3].
Two new superfamilies of fungal peroxidases were discov-
ered over the last decade, namely unspeciﬁc peroxygenases and
Open access under CC BY-NC-ND license.dye-decolorizing peroxidases (DyPs). The enzymes of the lat-
ter superfamily are, according to genetic databases, widespread
not only among agaricomycetes but also among bacteria2 and
2 It has to be noted that bacterial and fungal DyPs share hardly sequence homology
(<5%),  except for a few key residues [5] so that an old age or a convergence evolution
can  be assumed [4].
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scomyceteous fungi [4,5]. DyPs possess an “atypical” molecular
rchitecture and divergent mechanistic behavior (that is not fully
nderstood yet [4]), which does not allow their classiﬁcation within
he class II peroxidases [5–7]. Despite the structural differences,
he physico-chemical properties of DyPs resemble those of clas-
ic heme proteins, e.g. regarding UV–vis spectral characteristics,
olecular masses or isoelectric points [5,8,9].
Meanwhile twelve DyPs – eight fungal and four bacterial pro-
eins – have been characterized [5,6]. We  have recently found
hat two DyP isoforms of the jelly fungus Auricularia auricula-judae
AauDyP1 and 2) can oxidize non-phenolic aromatics (e.g. veratryl
lcohol and a -O-4 lignin model dimer) [6], a catalytic property
hat is actually characteristic for high-redox potential peroxidases
LiP, VP) [10–12]. Since these reactions showed just moderate cat-
lytic efﬁciency at pH 3 and very low pH optima (pH < 2), where
t is easier to abstract single electrons from aromatic rings [13,14],
e concluded that the redox potential of DyPs may range between
hose of ligninolytic peroxidases (e.g. ∼1.5 V for LiP H8 calculated
ia oxidation of methoxybenzenes; [15]) and low-redox potential
lant peroxidases (e.g. ∼0.8 V for HRP; [13,16]).
The  catalytic cycle of heme peroxidases is initiated by a rapid
wo electron transfer from the native ferric heme protein (PorFeIII)
o H2O2, to give a higher oxidation state of the enzyme called com-
ound I (•+PorFeIV = O). It is a ferryl –cation radical with a formal
xidation state of +5 for the iron (FeV) and oxygen coupled to this
ron by a double bond (Eq. (1); [17]). In the peroxidative cycle, com-
ound I is reduced by two consecutive one-electron reductions via
ompound II (PorFeIV = O) to the native ferric enzyme (Eq. (2)). In
ependence of the redox potentials of compound I and II, numerous
ubstrates can serve as electron donors in these reactions, e.g. phe-
olic and non-phenolic aromatics, metal ions or complex dye-stuff
olecules [5].
orFeIII + H2O2 → •+PorFeIV = O + H2O (1)
+PorFeIV = O + 2e− + 2H+ kET−→PorFeIII + H2O (2)
2O2 + 2e− + 2H+ → 2H2O (3)
There  are different methods for the direct estimation of the
edox potential of oxidative enzymes (redox couple compound
/native enzyme) like rapid kinetic techniques (e.g. stopped-
ow kinetics, voltammetric methods; [18–20]) but also indirect
ethods based on the spectral determination of the equilibrium
etween high oxidation state species of peroxidases have been
eveloped [16,21].
The  Marcus theory of outer-sphere electron transfer expects a
emi logarithmic dependence between the rate of an electron trans-
er reaction (e.g. kET) and a thermodynamic driving force [22]. This
orrelation can also be considered between the speciﬁc activity of a
eroxidase-catalyzed reaction and the ionization energy of the sub-
trate, which has successfully been used for the calculation of the
edox potentials of some plant and fungal oxidoreductases (e.g. lac-
ase, HRP and VP) [21,23–26]. It was postulated that the observed
nitial rate for the oxidation of a one-electron donor substrate (e.g.
cat) reﬂects the electron transfer from the substrate to the enzyme
i.e. kET). Under saturated and optimized reaction conditions (e.g.
y using small polar substrates such as phenol derivatives), this
orrelation can be used for the estimation of the standard reduc-
ion potential. Thus, kinetic data obtained from the initial oxidation
ates of p-substituted phenols were normalized with the help of
he maximum activities obtained for a number of peroxidases and
xtrapolated against the substrates’ redox potential [21,27].Our  report describes for the ﬁrst time the calculation of the
edox potential of several DyP-type peroxidases by a simple and fast
ethod based on the Marcus theory [22], which has been adapted
rom Ayala et al. [21]. To this end, ﬁve of the eight so far charac-sis B: Enzymatic 103 (2014) 41–46
terized  fungal DyPs were studied with respect to the oxidation of
different phenolic substrates.
2.  Materials and methods
2.1.  Organisms and enzyme production
All fungi used for the production of wild-type DyPs are
deposited in the German Collection of Microorganisms and Cell Cul-
tures (Deutsche Sammlung von Mikroorganismen und Zellkulturen
GmbH, Braunschweig) or in the culture collections of the Depart-
ment Food and Environmental Sciences (University of Helsinki,
Finland) and the Department of Environmental Biotechnology
(International Institute Zittau, Germany). The fungi were stored on
2% malt-extract agar (MEA) in culture slants at 4 ◦C in the dark and
routinely pre-cultured on 2% MEA  plates for 2 weeks.
Wild-type DyPs of Exidia glandulosa (EglDyP), Mycena epiptery-
gia (MepDyP) and Auricularia auricula-judae (AauDyP 1 and 2) were
produced and puriﬁed as described recently [8,28]. Recombinant
DyP of Mycetinis scorodonius (rMscDyP) was provided by DSM
(Delft, The Netherlands) [28]. For comparison, Coprinopsis (Copri-
nus) cinerea peroxidase (CiP) was produced according to Ikehata
et al. [29] in a glucose–peptone–malt extract medium. Soybean
peroxidase (SBP) was purchased from Sigma–Aldrich (Weinheim,
Germany). Both enzymes were subjected to puriﬁcation by FPLC
and the ﬁnal step was carried out on an anion exchanger (MonoQ,
10 mM sodium acetate buffer; pH range 4.0–5.5, gradient 0 to
0.3 or 1.0 M NaCl) as described in [8]. Crude LiP from Phane-
rochaete chrysosporium was purchased from JenaBios GmbH (Jena,
Germany) and puriﬁed as described recently [28]. The purity of all
used peroxidases was proved by SDS-PAGE and by determination
of the Reinheitszahl (RZ = A407/A280) [8,28].
2.2.  Enzymatic reactions
Activity  of DyPs was  routinely measured with ABTS as described
previously [8]. The pH optima for the oxidation of phenolic sub-
strates were determined using 2,6-dimethoxyphenol (2,6-DMP)
instead of ABTS as the substrate; the pH of the sodium citrate buffer
(50 mM)  was  varied in the range from 3.0 to 6.0. In case of SBP and
CiP, the enzyme activity was determined accordingly but at their
own optima of pH 5.5 and 6.8, respectively [21,30]. LiP activity was
determined with veratryl alcohol as described elsewhere [31].
The  following p-substituted phenols with increasing redox
potentials were used for the oxidation studies: p-methoxyphenol,
p-chlorophenol, p-bromophenol, phenol, p-hydroxyacetophenone,
p-hydroxybenzoic acid, p-hydroxybenzonitrile as well as p-
nitrophenol [21]. All phenols were purchased from Sigma–Aldrich
with the highest purity available. Organic solvents and hydro-
gen peroxide (H2O2, 30%) were obtained from Merck (Darmstadt,
Germany).
In-vitro reactions were carried out in 0.5 ml  reaction tubes
(Eppendorf, Hamburg, Germany) in a total volume of 250 l and
under slightly modiﬁed conditions as described by Ayala et al. [21].
Compared to the latter report, a lower concentration of hydrogen
peroxide (0.1 mM)  was applied in order to avoid protein dam-
aging and heme-bleaching effects [32]. Reactions were started
by the addition of H2O2 and kept under permanent stirring at a
constant temperature of 23 ◦C. They were stopped by addition of
triﬂuoroacetic acid (ﬁnal concentration 2%) and the phenol derivate
concentration was detected by HPLC. Preliminary experiments for
each enzyme were performed to verify the kinetics of the enzy-
matic reactions. Every 10 s, samples were collected and analyzed
over a total reaction time of 40 s. After evaluation of these data, a
reaction time of 10 s was ascertained to be optimal (Fig. 1A).
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Fig. 1. Time course of the oxidation of p-chlorophenol (A) by 73 nM rMscDyP (cir-
cles), 24 nM AauDyP2 (squares) and 3 nM SBP (triangles) in the presence of 100 M
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12O2. Semi-logarithmic plots of the normalized turnover numbers (kcat) for the oxi-
ation of p-substituted phenols versus the redox potential of the substrates by the
xample of AauDyP2 (B) and P. chrysosporium LiP (C).
The different p-substituted substrates were applied in
eroxidase-saturating ﬁnal concentrations of 2 mM and the
ppropriate reaction buffer was used for each peroxidase (50 mM
nal concentration; LiP: sodium tartrate pH 3.0; DyPs: sodium
cetate pH 4.5; SBP: sodium acetate pH 5.5; CiP: citrate/phosphate
H 6.8) similar as described by Ayala et al. [21]. Oxidation of
he phenolic substrates was followed by HPLC using a reversed
hase column (C18-column, Synergi, Phenomenex®, Aschaf-
enburg, Germany) and an HPLC system HP 1200 (Agilent®,
aldbronn, Germany) equipped with a diode array detector (DAD;
90–700 nm). Elution was performed under isocratic conditionssis B: Enzymatic 103 (2014) 41–46 43
using  appropriate water–acetonitrile mixtures as mobile phase
[21]. All reactions were performed in triplicate.
2.3. Homology modeling
To  verify a possible long range electron transfer (LRET) in the
tested DyPs homology models of EglDyP, MepDyP,  and MscDyP  were
built using the Swiss-Model Server [33] and the software Modeller
[34], respectively. The structure of AauDyP (pdb code 4au9) was
chosen as template model. Electron-transfer-pathway calculations
were performed as previously described [7]. Images were created
in PyMOL [35].
3.  Results and discussion
To  ﬁnd indications for the biochemical function and possible
physiological role of the recently classiﬁed new (super)-family of
DyP-type peroxidases [5,36], it is of general importance to esti-
mate their redox potential. In this report, we provide ﬁrst data on
the redox thermodynamics between the last substrate-oxidizing
DyP-intermediate (probably a compound II-like reactive enzyme
state) and the native enzyme (ferric DyP). To this end, we studied
the oxidation of a series of phenolic substrates by a representative
selection of fungal DyPs, ﬁve wild-type enzymes and one recombi-
nant one.
The  ﬁve DyPs oxidized all phenolics tested here including the
high-redox potential compounds (Table 1). Thus p-nitrophenol,
the substrate with the highest ionization potential (around 1.2 V,
[37,38]), was  converted with turnover numbers (kcat) between
88 and 435 min−1. In fact, there are only a few reports on the
in vitro oxidation of p-nitrophenol by fungal heme-peroxidases
(e.g. LiP and MnP) [39]. In the study of Ayala et al. (2007), VP, lac-
toperoxidase (LPO) and CiP were found to convert p-nitrophenol
with low turnover numbers between 10 and 25 min−1 whilst plant
peroxidases (SBP, HRP) were not able to oxidize this recalcitrant
phenol [21]. In our study, the latter ﬁnding was  conﬁrmed but fun-
gal CiP showed a quite high turnover number for p-nitrophenol
(343 min−1) that is about 20-fold higher than that reported by Ayala
et al. (kcat = 18 min−1) (Table 1, [21]). This could be explained by the
modiﬁed reaction time that was  10 min  in case of [21] but just 10 s
in our study. To obtain apparent kinetic data of peroxidases suitable
for further calculations, the reaction time used should be always
taken with care, since the velocity tends to decline in the course of
reaction and can lead to an underestimation of the initial activity
[40,41]. In a set of preliminary experiments, we have demonstrated
that the linear course of oxidation (e.g. of p-chlorophenol) is rela-
tively short and already declined after 10 s of reaction (Fig. 1A).
Therefore, we used a reaction time of 10 s for all calculations to
ensure the linearity of oxidation rates, which were then normalized
with the maximum activity value and plotted against the substrate
redox potential [27]. An example for the linear correlation between
the initial oxidation rate (kcat) of the electron donor substrate and
the ionization energy of the phenolic substrate is given for AauDyP1
and LiP in Fig. 1B and C, respectively.
Unlike  LiP and MnP, DyPs do not require a redox-mediator
(aryl cation radical of veratryl alcohol and Mn3+, respectively) to
accomplish the oxidation of phenolic substrates. They resemble
in this context rather VP that shows a strong phenol oxidizing
activity independent of any redox mediator [42]. Furthermore,
in a recent study, we have already described the direct oxidation
of non-phenolic aromatics (e.g. veratryl alcohol) by AauDyP in a
VP/LiP-like reaction [28]; (such compounds can be oxidized by
MnP merely in the presence of additional redox mediators, e.g.
thiols or unsaturated fatty acids [43,44]). On the other hand, DyPs
clearly differ from VP in their inability to oxidize manganese ions
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Table  1
Turnover number (kcat) of fungal and plant peroxidases for the oxidation of p-substituted phenols with different redox potential.
Phenol Redox potential (V) kcat (min−1)a
PchLiP rMscDyP AauDyP I AauDyP II MepDyP  EglDyP CiP SBP
RZ 1.4 0.6 1.0 1.7 0.8 1.0 2.0 1.3
p-Methoxyphenol 0.72 2813 3481 7604 13,092 4005 20,433 153,184 18,104
p-Methylphenol 0.87 5.630 2801  8979 11,372 7168 17,431 70,300 32,978
p-Chlorophenol 0.94 3808 1888 5084 6750 2788 8244 85,506 3391
p-Bromophenol 0.96 3241 3001 7344 9882 4496 11,905 144,585 10,673
Phenol  0.97 2734 1265 4123 5356 3168 9401 58,808 917
p-Hydroxyacetophenone 0.98 2285 1711 2918 3307 1979 4473 57,608 375
p-Hydroxybenzoic acid 1.04 1042 1234 4976 6529 2642 8476 15,143 109
p-Hydroxybenzonitrile 1.17 593 508 954 1008 933 1587 15,143 0
30
yP – 
(
a
r
b
b
[
m
a
F
ap-Nitrophenol 1.23 356 88 
a Molecular weights (kDa) used for calculations: PchLiP – 42, rMscDyP – 69, MepD
Mn2+) [28,42]. LiP – though showing a high afﬁnity to phenols and
 high initial oxidation rate – can poorly oxidize them, since it is
apidly inactivated [41,45]. This inactivation of LiP was proposed to
e mainly due to the accumulation of compound III, which cannot
e reverted to the ferric enzyme by phenols or phenoxyl radicals
31]; it can be prevented in the presence of veratryl alcohol that
ay act as a redox mediator [45].
Assuming that the redox potential of compound I/compound II
nd compound II/resting state are similar (e.g. as demonstrated for
ig. 2. Hypothetical LRET pathways in three DyP-type peroxidases, based on homology m
mino acids are depicted as ball and stick models. (For interpretation of the references to6 435 152 165 343 0
61, EglDyP – 56, AauDyP I – 51, AauDyP II – 43, CiP – 40, SBP – 47.
lacto- and myeloperoxidases [46]), the oxidative threshold result-
ing from this correlation can be supposed as the redox potential
of the couple compound II/resting state [16,21,46]. The values
determined for the reference enzymes SBP and CiP (0.93 and
1.06 V, respectively; Table 2) are comparable to those described by
different authors who used both spectral (0.9 and 1.04 V, respec-
tively) and direct catalytic methods (0.95 and 1.18 V, respectively)
[16,21,46]. In general, similar experimental data have also been
reported for other peroxidases such HRP (0.87 and 0.89 V, [16,21])
odeling: (A and D) EglDyP, (B and E) MepDyP,  and (C and F) MscDyP.  The involved
 color in this ﬁgure legend, the reader is referred to the web version of this article.)
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Table  2
Estimated redox potential values of fungal DyP-type peroxidases in comparison to
phenol-oxidizing plant (SBP) and fungal (CiP) peroxidases as well as lignin peroxi-
dase of P. chrysosporium (LiP).
Peroxidase Estimated redox potential (V)
Compound II/resting state
PchLiP 1.26 ± 0.17
MscDyP 1.20 ± 0.10
MepDyP 1.19 ± 0.07
AauDyP1 1.19 ± 0.04
AauDyP2 1.19 ± 0.02
EglDyP 1.10 ± 0.05
CiP 1.06 ± 0.07
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[
[39] H. Teramoto, H. Tanaka, H. Wariishi, Appl. Microbiol. Biotechnol. 66 (2004)SBP 0.93 ± 0.04
nd may  approve the here used method for the estimation of the
edox potential of the couple compound II/native enzyme of fun-
al and plant peroxidases. The redox potential of all DyPs tested
as found to range between 1.10 and 1.20 V, which is just slightly
ower than the redox potential of LiP (1.26 V) obtained that way
Table 2).
Recent investigations on the crystal structure of AauDyP1 in
ombination with spin-trapping experiments identiﬁed catalyti-
ally important amino acid residues that may  be responsible for the
RET from the proteins surface to the redox active heme cofactor
imilar as it is known for LiP of P. chrysosporium (Trp-171 in H8, [47])
r the “untypical” LiP of Trametopsis (Trametes) cervina (Tyr-181 in
cLiP*, [48]). A surface exposed oxidation site in AauDyP1 (Tyr-337,
7]) is obviously also the key amino acid in the oxidation processes
y other fungal DyPs (Tyr-391, Tyr-403 and Tyr-388 in EglDyP,
epDyP and rMscDyP,  respectively; Fig. 2A–C). The most probably
lectron transfer pathway ends at a Leu (Leu-411, Leu-423, Leu-
12 EglDyP, MepDyP  and rMscDyP,  respectively) that is, with 4.0 A˚
nd respectively 4.1 A˚, in an adequate distance to the heme-pyrrole
ing and enables the reduction of the cofactor. On the other hand,
here are also solvent exposed tryptophan residues (AauDyP1, Trp-
77 [7], (Trp-431, Trp-443 and Trp-432 in EglDyP, MepDyP and
MscDyP, respectively; Fig. 2D–F). These residues could also act
s corresponding radicals via a short LRET to the oxidized heme
ron (Tyr-377 to Fe 13.9 A˚, [7]). Only one amino acid is necessary
or the electron transfer: threonine in case of EglDyP and AauDyP1
7] or isoleucine for MepDyP  and rMscDyP.  Interestingly, almost all
f these redox-active amino acid residues are conserved among
he here investigated DyPs (AauDyP, EglDyP, MepDyP,  rMscDyP)
xcept for Thr-371 (EglDyP) that is replaced by Ile in MepDyP and
MscDyP. The existence of these radical-stabilizing and electron-
ransferring amino acids as well as the here proved redox properties
f fungal DyPs strongly indicate a mechanistic and functional sim-
larity to high redox potential peroxidases like LiPs. Furthermore a
hange of conformation of Asp-168 in AauDyP1 [7] from Arg to Gly
fter formation of compound I probably lead to a certain channel
roadening and a presumable passage of small organics including
henols (Strittmatter et al. [7]). Thus it cannot be rules out that
yPs have only solvent-exposed substrate binding sites. Not least
ue to the secretion of DyPs under conditions close to nature (i.e.
n wood cultures, up to 1.100 mU g−1) they may substitute rarely
ound LiPs as part of the ligninolytic system of non-polyporous
hite-rot fungi.
.  Conclusion
Our study veriﬁed that the catalytic behavior of DyPs ranges
etween ligninolytic peroxidases, plant peroxidases and phenol-
fﬁne fungal peroxidases. The secretion of DyPs during fungal
rowth on beech wood and their ability to oxidize methoxylated
[
[sis B: Enzymatic 103 (2014) 41–46 45
aromatics (e.g. -O-4 dimers and 1,2-dimethoxybenzene) indicate
that they could be part of the ligninolytic system of wood-rot fungi.
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